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This is the first report of a Cryptococcus neoformans var. gattii strain (serotype B) that switches reversibly
between its parent mucoid (NP1-MC) colony morphology and a smooth (NP1-SM) colony morphology. Similar
to C. neoformans var. grubii and C. neoformans var. neoformans strains, the switch is associated with changes in
the polysaccharide capsule and virulence in animal models. In murine infection models, NP1-MC is signifi-
cantly more virulent than NP1-SM (P < 0.021). In contrast to the serotype A and D strains, the serotype B
strain switches in vivo reversibly between both colony morphologies. The polysaccharide of NP1-MC exhibits
a thicker capsule, and thus NP1-MC exhibits enhanced intracellular survival in macrophages. Consistent with
this finding, switching to the mucoid variant is observed in pulmonary infection with NP1-SM. In contrast, the
thin polysaccharide capsule of NP1-SM permits better crossing of the blood-brain barrier. In this regard, only
smooth colonies were grown from brain homogenates of NP1-MC-infected mice. Our findings have important
implications for the pathogenesis of cryptococcosis and suggest that phenotypic switching affects host-pathogen
interactions in the local microenvironment. This altered interaction then selects for specific colony variants to
arise in a pathogen population.

Cryptococcus neoformans is a human fungal pathogen that
exists as three distinct varieties, specifically C. neoformans var.
grubii (serotype A), C. neoformans var. neoformans (serotype
D), and C. neoformans var. gattii (serotypes B and C). The
majority of disease is due to C. neoformans var. grubii, followed
by C. neoformans var. neoformans, and these varieties are
found worldwide (29, 33). C. neoformans var. gattii is predom-
inately restricted to tropical regions; however, a recent out-
break of C. neoformans var. gattii infections on Vancouver
Island in Canada (19, 23) has raised the level of interest in this
pathogen. Except for the recently described high prevalence of
serotype C infections in AIDS patients living in sub-Saharan
Africa (26), the majority of cryptococcosis due to serotype B
and C strains occurs in immunologically normal individuals.
Disease with serotype A and D strains occurs more often in
immunosuppressed hosts (7) but has also been described for
immunocompetent patients (20). The biological and genetic
differences between the serotype A and D strains and C. neo-
formans var. gattii strains are so substantial that it has been
proposed that C. neoformans var. gattii should be recognized as
a separate species (7, 10, 24, 41, 42, 46).

We have previously shown that serotype A and D strains can
undergo phenotypic switching from a smooth parent variant to
more virulent mucoid or wrinkled colony variants (17). Fur-
thermore, switches to a mucoid colony variant during chronic
murine infections were associated with poor outcomes (16).
Phenotypic switching only occurs in a subpopulation, and
therefore a switch variant has to be selected by the host to
become dominant (14, 16). In the setting of infection with a

switching strain, antifungal interventions can select for the
mucoid variant (13). This is relevant because frequent treat-
ment failures in immunocompromised hosts generally are the
result of persistence of the initial strain despite standard ther-
apy (1, 2, 34). The relevance of phenotypic switching in infec-
tion with C. neoformans var. gattii is not known, but these
infections often require more prolonged antifungal therapy
and are associated with neurological sequelae and a higher
frequency of neurosurgical interventions than those due to
serotype A and D isolates (42).

Incoming mycological clinical specimens at All India Insti-
tute of Medical Sciences were typed by molecular typing meth-
ods and screened for colony variation (20). Five of 57 clinical
isolates were found to be serotype B. One of these serotype B
strains exhibited both smooth and mucoid colonies on the
original plate that was inoculated with a patient’s cerebrospinal
fluid (CSF). We now present findings on this C. neoformans
var. gattii strain that reversibly switches between its mucoid
parent variant and a smooth colony morphology. Similar to the
case with serotype A and D strains, the switch is associated
with changes in the polysaccharide capsule and the cell wall.
Most importantly, in murine infection models, the phenotypic
switch to a smooth colony permits dissemination to the central
nervous system (CNS), which has important implications for
pathogenesis. In contrast to the serotype A and D strains, the
serotype B strain switches in vivo reversibly between the mu-
coid and smooth variants. The colony variant that dominates
the pathogen population is dependent on the local microenvi-
ronment promoting selection.

(Part of the work presented herein is part of the Ph.D. thesis
work of N.J. at Jiwaji University, and All India Institute of
Medical Sciences.)
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MATERIALS AND METHODS

Strain. Strain NP1 was isolated from the CSF of a patient with cryptococcal
meningitis. The patient was not infected with human immunodeficiency virus and
had no other obvious predisposing factors for infections (22). Colonies with
smooth (NP1-SM) and mucoid (NP1-MC) morphologies were isolated from the
first culture of the CSF specimen. The varietal status was determined by the use
of canavanine-glycine-bromothymol blue medium and glycine-cycloheximide-
phenol red medium. This identification was confirmed by rabbit serum antigenic
factor typing with a commercial kit (Iatron, Japan). In addition, other C. neo-
formans var. gattii strains were screened for colony morphology. They included 11
environmental isolates from Australia (AS2554, AS2553, AS2552, AS2543,
AS2542, AS2546, AS2551, AS2555, AS2556, AS2544, and AS2617), 5 clinical
isolates from Canada (CN2615, CN2611, CN2613, CN2618, and CN2617), and 1
clinical serotype C isolate from New York (NY1343C) (a generous gift from Tom
Mitchell).

Molecular characterization of NP1-SM and -MC. Random amplified polymor-
phic DNA (RAPD) analysis was done by a PCR-based method using the mini-
satellite-specific core sequence of the wild-type phage M13 as previously de-
scribed (28). Restriction fragment length polymorphism (RFLP) analysis was
performed as described previously, with a C. neoformans-specific transposon
sequence (TCN-1) (20, 21). The TCN-1 probe (634 bp) was amplified from
cryptococcal DNA with specific primers (TCN1.F.2 [5�-TCATGTCAGGTCCT
TCCACTCGTAG-3�] and TCN1.R.2 [5�-CATAAACTTGGGCTGGGGATC
G-3�]). The amplicon was cloned, purified, and labeled with [�-32P]dCTP, using
a High Prime DNA labeling kit (Boehringer, Mannheim, Germany). For karyo-
type analysis, chromosomal DNA plugs were prepared from cultures derived
from single colonies as described previously (12).

Phenotypic characterization. Doubling times were determined by optical den-
sity measurements and manual counting of diluted suspensions in Sabouraud
dextrose (SD) broth and in cell culture medium (Dulbecco’s modified Eagle’s
medium [DMEM] with 5% fetal calf serum [FCS]). Melanization was deter-
mined with Sabouraud dextrose agar (SDA) plates supplemented with 1 �M
L-dopa. MICs of fluconazole and amphotericin B for both variants were deter-
mined by microdilution and E tests per standard laboratory protocols. Capsule
size was measured with C. neoformans cells from 24-h cultures in SD broth or
with cells in lung homogenates 24 h after intratracheal (i.t.) injection or 3 h after
intravenous (i.v.) injection in brain homogenates. Yeast cells were suspended in
India ink (Becton Dickinson, NJ) and visualized at a magnification of �1,000
with an Olympus AX70 microscope. Images were captured with a QImaging
Retiga 1300 digital camera using QCapture suite V2.46 software (QImaging,
Burnaby, BC, Canada). Capsule measurements were made with 25 randomly
chosen cells from each strain, using Adobe Photoshop 7.0 for Windows, and the
capsule thickness was calculated using the conversion of 45 pixels to 1 microme-
ter. The capsules of the NP1-SM and -MC yeast cells were stained with the
monoclonal antibody (MAb) 18B7 to glucuronoxylomannan (GXM) and visual-
ized with a fluorescein isothiocyanate-labeled sheep antibody to mouse immu-
noglobulin G as previously described (32). The viscosity of GXM dissolved in
water and phosphate-buffered saline (PBS) were measured using a capillary
viscometer (Technical Glass Products, Inc., Dover, NJ).

Resistance to temperature, osmotic stresses, and lysing enzyme. NP1-SM and
-MC were grown for 2 days at 30°C, suspended in PBS at 5 � 103 cells per ml,
and either frozen overnight at �20°C or heated to 45°C for 30 min, 45 min, and
1 h or 50°C for 5 min. Ten microliters of suspension was plated on SDA plates
to calculate the survival fraction relative to that of a control suspension. To
compare the abilities of cells to tolerate high osmotic pressure, NP1-SM and
-MC were grown on SDA plates supplemented with 1 M NaCl, 1 M sorbitol, or
10 mM glycerol. Sensitivities to lysing enzyme were determined by incubating
NP1-SM and NP1-MC cells in sorbitol-sodium citrate buffer with different con-
centrations (96 �g/ml to 0.35 �g/ml) of lysing enzyme (from Trichoderma har-
zianum; Sigma Aldrich, St. Louis, Mo.) at 37°C. Every 15 min, cells were exposed
to 2% sodium dodecyl sulfate to monitor the lysis of yeast cells under magnifi-
cation (�400). The concentration of enzyme at which �80% of cells were lysed
compared to control cells (incubated without lysing enzyme) was determined.

Analysis of GXM. GXM purification and determination of its chemotype were
done as previously described (8, 9). Prior to nuclear magnetic resonance (NMR)
spectroscopy, GXM was sonicated and exchanged in 99.99% D2O (Cambridge
Isotope Laboratories, Andover, MA). 1H chemical shifts were measured relative
to the methyl groups of sodium 4,4-demethyl-4-silapentane-1-sulfonate taken at
0.00 ppm. Spectroscopy was done with a Bruker DRX600 NMR spectrometer
(600 MHz) in our NMR facility. The viscosity of GXM dissolved in water and
PBS was measured by using a capillary viscometer (Technical Glass Products,

Inc., Dover, NJ) and determining the time the liquid took to fall a specific
distance.

Animal studies. BALB/c and SCID/BALB/c mice (male, 6 to 12 weeks old)
were obtained from the National Cancer Institute (Bethesda, MD). Mice (n � 5
to 7 per group) were infected i.t. or i.v. via the tail vein. NP1-SM and NP1-MC
were grown for 24 h in SD broth washed twice with PBS. For i.t. infections, mice
were anesthetized and injected in the trachea with 5 � 106 C. neoformans cells
in 50 �l sterile PBS using a 26-gauge needle. For i.v. infections, mice were
infected with 1 � 106 to 5 � 106 cells in 100 �l PBS. Dilutions of the inoculum
were plated onto SDA to ensure that comparable numbers of yeast cells were
injected and that the colony phenotypes were stable. Mice were observed daily
for signs of disease. Mice were killed by cervical dislocation after anesthesia, and
organ CFU were determined at 14 days postinfection by homogenizing lung and
brain tissue in PBS and plating 100 �l of different dilutions on SDA. Colonies
were counted after 72 to 96 h. For histology and immunohistochemistry, mice
were anesthetized and perfused with 4% paraformaldehyde in PBS for fixation
under constant pressure, and tissue sections were stained with hematoxylin and
eosin or mucicarmine.

Determination of in vivo switching of SM to MC phenotype. For calculations
of switching frequencies, a single colony of NP1-SM or -MC that was grown
overnight in SD broth or organ homogenates were plated on SDA plates (200 to
300 colonies per plate). The in vitro switching rate of NP1-SM to the MC colony
phenotype or vice versa was determined by visually scoring 104 colonies after
growth on SDA plates. For in vivo switching rates, the percentages of colonies of
the total CFU with MC relative to SM morphology were determined.

Phagocytosis and killing assays. In vitro killing assays were performed with
the murine macrophage-like cell line J774.16 (ATCC, Rockville, MD) (30, 45).
C. neoformans var. gattii cells were added at a 1:5 ratio to cells with MAb 18B7
and coincubated with macrophages in DMEM supplemented with 5% FCS at
37°C for 2 h. The cell layers were then washed with PBS to remove nonadherent
yeast cells and further incubated with cell culture medium or stained with Gi-
emsa Wright stain after fixation with methanol. The starting phagocytosis index
(PI) was determined by microscopy as follows: PI � number of yeast in macro-
phages/number of macrophages. The medium was replaced with medium that
contained no MAb to avoid further phagocytosis, which was not observed with
complement only. The mixture was incubated for 36 h at 37°C in 10% CO2. The
ability of NP1-SM and -MC to replicate in J774 cells was determined by counting
the CFU of C. neoformans var. gattii after it was cocultured with macrophages in
the presence (intracellular growth) and absence (extracellular growth) of MAb
18B7. After 16 and 36 h, the supernatants of the wells were removed and
separated in sterile tubes. Cells were lysed by incubation in sterile water and
repeated vigorous aspiration with a pipette to complete the disruption. Super-
natants and lysates were plated in different dilutions on SDA to determine the
CFU and percent killing relative to yeast cells that grew extracellularly in the
same medium.

Transmigration of blood-brain barrier. A murine model of i.v. infection was
used to study crossing of the blood-brain barrier by NP1-SM and -MC. The cells
were grown in SD broth at 37°C for 20 h. Organisms were washed and counted,
and NP1-SM cells were sonicated twice for 15 s each time on ice to disperse
clumps. BALB/c mice (seven per group) were infected i.v. with 5 � 106 cells. The
inoculum size and colony morphology were verified by backplating dilutions of
the inoculum onto SDA plates. After 3 h, the mice were anesthetized and
perfused by injecting 30 ml sterile PBS into the left ventricle. The right atrium
was cut open to allow drainage during the procedure. The brains were removed
and homogenized in sterile PBS on SDA plates to determine the CFU per brain.

Statistical analysis. The student t test and the Kruskal-Wallis test were used
to compare cell sizes, capsule sizes, and log-transformed fungal burdens (with the
statistical program Primer). SPSS, version 8.0 (SPSS Inc., Chicago IL), was used
to generate Kaplan-Meier survival curves.

RESULTS

NP1 phenotypic switching system. NP1 is a C. neoformans
var. gattii strain that undergoes reversible phenotypic switching
from a mucoid (NP1-MC) to a smooth (NP1-SM) colony phe-
notype (Table 1). The NP1-MC-to-NP1-SM switching rate was
higher than that of NP1-SM to NP1-MC switching. RFLP and
karyotype analyses confirmed that NP1-SM and NP1-MC col-
onies were the same C. neoformans var. gattii strain. M13
RAPD typing yielded a VGII group pattern, which is consis-
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tent with the classification of this strain as a C. neoformans var.
gattii strain (Fig. 1a). Analysis of the average GXM structure
by NMR yielded similar serotype-B-specific reporter group
structures for both NP1-SM and -MC GXM (Table 1). This
was confirmed by polyclonal antibody typing (data not shown).
Because the majority of C. neoformans var. gattii strains (95%
of our collection of �20 strains) exhibit a mucoid colony mor-
phology, we concluded that NP1-MC represents the parent
colony and NP1-SM the switch variant. Among 18 additional
C. neoformans var. gattii strains tested, we found one other
strain that exhibited a smooth morphology (AS2617). For this
strain, 30,000 smooth colonies were plated to screen for switch-
ing to a mucoid colony morphology. No switching was de-
tected, but it may happen at a lower frequency (	1 in 30,000).
NP1-SM colonies exhibited a smooth domed surface and
smooth edges, whereas NP1-MC colonies exhibited a shiny
domed surface (Fig. 1b). Under high osmotic pressure condi-
tions, NP1-MC consistently switched to the smooth colony
phenotype, whereas NP1-SM remained smooth. In DMEM
under 10% CO2, the doubling times of the variants were com-
parable, but in SD broth, NP1-SM grew slower than NP1-MC
(Table 1).

In SD broth at 37°C, NP1-SM cells exhibited some floccu-
lence (clumps). Microscopic analysis of the NP1 phenotypes
revealed striking differences in capsule size. The NP1-MC cap-
sule was larger than the NP1-SM capsule. This was also ob-
served during murine infection (Fig. 1b). Immunofluorescence
staining with a MAb to the capsule demonstrated the presence
of a GXM-like epitope(s) on both variants. Thus, the primary
differences between the phenotypes were the capsule and cell
sizes, cell wall stabilities, and doubling times (Fig. 1b).

Virulence studies. The virulence levels of the NP1-SM and
-MC variants were compared in BALB/c mice in i.t. and i.v.
infection models. The measures of virulence were organ CFU
and survival. In both infection models, the NP1-MC variant

was more virulent (Fig. 2a and b). Both routes of infection
were lethal with the NP1-MC isolate. Mice infected i.t. with
NP1-SM survived �100 days, and at that time, no CFU could
be detected in the lungs or brains of the i.t. infected mice (Fig.
2a). Half of the mice infected i.v. with NP1-SM died of dis-
seminated cryptococcosis (Fig. 2b). Consistent with the sur-
vival difference, the lung CFU on day 14 were significantly
lower in NP1-SM- than in NP1-MC-infected mice (i.t. and i.v.)
(Fig. 2c). The brain CFU were not different for NP1-SM- and
-MC-infected mice (Fig. 2c). SCID mice infected i.t. with the
NP1-SM or -MC variant also died and had comparable median
survival rates. Interestingly, NP1-SM-infected SCID mice
cleared the infection from the lungs but eventually died from
disseminated CNS disease (data not shown).

Inflammatory response to switch variants. The extent of the
inflammatory response directly correlated with the clearance
of fungal burden. The histology of the lung sections demon-
strated an intense inflammatory response in lung tissue in-
fected with NP1-SM (Fig. 3a), characterized by perivascular
cuffing, hyperplasia of the peribronchial lymphoid tissue, and
granuloma formation. The mononuclear inflammation was
composed of lymphocytes and macrophages (Fig. 3c). In NP1-
MC-infected mice, lung histology revealed minimal inflamma-
tion and the presence of large cryptococcomas (Fig. 3b and d).
For mice infected either i.v. or i.t. with NP1-SM or -MC,
multiple cryptococcomas were seen in CNS tissue (Fig. 3e and
f). The cryptococcomas in NP1-SM-infected mice (Fig. 3g)
appeared smaller and also elicited more inflammation in the
brain than those in NP1-MC cells (Fig. 3h).

Phenotypic switching is important for pathogenesis. Visual
inspection of colonies derived from lung tissue of BALB/c and
SCID mice infected with either NP1-SM or NP1-MC in the i.t.
and i.v. models demonstrated the existence of both phenotypes
in the lungs, but in most cases, only the smooth phenotype was
recovered from the brains (Fig. 4a and b; Table 2). In SCID

TABLE 1. Phenotypic characteristics of NP1-SM and NP1-MC

Parameter
Value for colony type

NP1-SM NP1-MC

Spontaneous in vitro switching rate SM3MC, 7 � 10�5 MC3SM, 5 � 10�4

Doubling time at 37°C in SD broth (h) 13.9 6.6
Doubling time at 37°C in DMEM (h) 7.3 6.3
Cell size at 37°C (�m) 4.7 
 0.2 5.4 
 0.4
Capsule size (�m)

20 h of growth in SD broth at 37°C 0.63 
 0.4 1.5 
 0.25
24 h of growth in DMEM-FCS in 5% CO2 0.63 
 .025 3.6 
 0.6
In vivo 24 h after i.t. injection 1.4 
 0.11 5.3 
 0.6
At time of death in lung homogenates 2.7 
 0.47 6.0 
 1.6

Melanization Yes Yes
MIC of amphotericin B (�g/ml) 0.25 0.25
MIC of fluconazole (�g/ml) 16 16
GXM triad structure, as determined by NMR M3, M1, M6 M3, M1, M6
Viscosity of GXM MC �� SM
Heat resistance at 45°C Death after 30 min Death after 60 min
Cold resistance No difference
Osmotic resistance (colony morphology on different plates) SM �� MC

1 M NaCl SM SM
1 M sorbitol SM SM
10 mM glycerol SM SM

Resistance to lysing enzyme SM �� MC
Concn required for complete lysis (�g/ml) 48 12
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mice infected i.t. with NP1-SM, pulmonary clearance was pro-
longed and the pulmonary fungal burden was higher than that
in infected BALB/c mice. Hence, in these mice there was more
opportunity for switching to the mucoid colony type, and a
higher percentage of MC colonies were recovered (Table 2).
Thus, we concluded that phenotypic switching occurs revers-
ibly in vivo between the smooth and mucoid colony phenotypes
in both immunocompetent and immunocompromised mice.

Mechanism of selection pressure. We then investigated what
kind of host-pathogen interactions determined whether the
NP1-MC or -SM colony phenotype dominated the pathogen
population.

Macrophages are the primary phagocytic cells in pulmonary
cryptococcosis. Because NP1-MC dominated pulmonary infec-
tions, we performed phagocytosis and killing assays to test if
these parameters were affected by the differences in the poly-
saccharide capsule. Most yeast cells were phagocytosed by
macrophages after 2 h. Antibody-mediated phagocytosis by

macrophages was comparable for NP1-SM and NP1-MC cells
(PI of NP1-SM, 14.5 
 3.6; PI of NP1-MC, 15 
 8.3 [P �
0.86]). In contrast, intracellular survival was significantly better
for NP1-MC cells than for NP1-SM cells 16 and 36 h after
infection of macrophage cell layers (Fig. 5a). Hence, NP1-MC
was more resistant to intracellular killing by macrophages.
Consistent with these findings, we found yeast cells with large
capsules in macrophages.

As described above, the smooth colony phenotype predom-
inated in the brains of mice. Hence, we tested the hypothesis
that NP1-SM cells can better cross the blood-brain barrier. For
these experiments, mice were injected with NP1-SM and -MC
cells, and CFU were determined 3 h after infection in perfused
brain homogenates. These experiments yielded significantly (P
	 0.001) larger numbers of colonies from NP1-SM-injected
mice than from NP1-MC-injected mice. In a repeat experi-
ment, the same difference was detected (data not shown). The
capsule sizes of injected NP1-SM and -MC cells were 0.63 �m

FIG. 1. (a) Molecular characterization demonstrates that NP1-SM and -MC are switch variants of the same C. neoformans var. gattii strain
(NP1). The left panel shows by RAPD analysis that both variants are VGII, consistent with their varietal status. The middle panel demonstrates
identical RFLP patterns, and the right panel shows identical karyotype patterns for the SM and MC variants of NP1. (b) NP1-MC (upper panels)
and NP1-SM (lower panels) colonies. From the left, the panels show the following: first column, comparison of colony morphologies; second
column, capsule sizes in vivo; and third column, staining patterns with a GXM-specific MAb (18B7).
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 0.4 �m and 1.5 �m 
 0.25 �m, respectively (Table 1). At the
time of death, the capsule sizes of NP1-MC cells in the brains
and lungs of infected mice did not differ (6.8 �m 
 3.8 �m
versus 6.0 �m 
 1.6 �m), although the colony morphology of
the brain CFU was smooth and that of the lung CFU was
mucoid. We concluded that NP1-SM cells are better able to
cross the blood-brain barrier, and it appears that the capsule

size of NP1-MC cells is subsequently upregulated again in the
brain without a reversion of colony morphology. Consistent
with this finding, we also noted smaller polysaccharide capsules
in the brains of NP1-SM-infected mice (Fig. 3e).

DISCUSSION

We previously reported the phenomenon of phenotypic
switching in several serotype A and serotype D strains of C.
neoformans (17). We extend our observation now to C. neofor-
mans var. gattii. Both the smooth and mucoid colony variants
of the C. neoformans var. gattii strain NP1 were isolated di-
rectly from a patient’s CSF sample, suggesting that phenotypic
switching occurred during infection. A more detailed analysis
of this phenotypic switching system demonstrated that this
strain is different from previously described strains because it
switches in vivo reversibly between the two phenotypes. The
local microenvironment in the host determined whether the
NP1-MC or -SM colony phenotype dominated the pathogen
population. In that regard, phenotypic switching of this strain
plays a crucial role in pathogenesis, as it facilitates dissemina-
tion to the CNS.

Phenotypic switching enables pathogens to undergo rapid
microevolution and to adapt to different microenvironments
(18, 27, 37, 38). For human pathogens, the host represents a
microenvironment of particular interest, and phenotypic
switching in this setting may affect the host-pathogen relation-
ship with consequences that can translate into changes in vir-
ulence (4). An example of how phenotypic switching can alter
the host-pathogen relationship is provided by Trypanosoma
cruzi, where phenotypic switching generates antigenically dif-
ferent variants that can escape the antibody response (31).
Interestingly, in encapsulated microbes, phenotypic switching
often controls the expression of the capsule, which is pivotal in
determining whether the microorganism becomes an invasive
pathogen (35, 44). Encapsulated bacteria that cross the blood-
brain barrier often have to change their cellular phenotype.
For Streptococcus pneumoniae, transparent colonies contain
less capsular polysaccharide and more cell wall phosphorylcho-
line than opaque colony variants and are associated with inva-
sive disease (35).

For fungi, phenotypic switching was first described for Can-
dida albicans over 20 years ago (39, 40) and has been exten-
sively studied. In more recent years, phenotypic switching has
also been demonstrated with other fungi, including C. neofor-
mans (15–17). In all of the examined C. neoformans strains,
phenotypic switching was associated with changes in the poly-
saccharide capsule, which constitutes a major virulence factor
(3).

The NP1 switching system is reminiscent of the previously
described RC-2 system, which is a serotype D strain that
switches in vivo between smooth and mucoid colonies (16).
Presumably, the parent strain in the serotype D strain is
smooth and the mucoid colonies represent switch variants,
whereas for the NP1 serotype B strain, the parent strain is
more likely the mucoid variant. In both strains, the mucoid
polysaccharide is very viscous, consistent with the shiny colony
surface; however, detailed NMR analysis of the GXM struc-
tures of the NP1 variants could not elicit a difference in the
repeat structure or in the degree of acetylation. Hence, the

FIG. 2. Comparison of virulence of NP1-SM and NP1-MC in mu-
rine animal models. These studies show that NP1-SM-infected BALB/c
mice live significantly longer than NP1-MC-infected BALB/c mice in a
pulmonary infection model (P � 0.021) (a) as well as an intravenous
infection model (P � 0.008) (b). (c) Consistent with these findings,
significantly lower (P � 0.03) CFU were found in the lungs of NP1-
SM-infected (i.t. and i.v.) BALB/c mice on day 14.
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biochemical basis of the mucoid polysaccharide remains to be
resolved. It is conceivable that phenotypic switching to the
mucoid phenotype may provide the ubiquitous fungus C. neo-
formans var. gattii with a survival advantage in an immunocom-
petent host, where a fierce innate immune response with po-
tent phagocytic cells would not permit colonization and
infection.

FIG. 3. Inflammatory responses in NP1-SM- and NP1-MC-infected mice. An extensive inflammatory response was detected in the lungs of
NP1-SM (i.t.)-infected mice (a), whereas NP1-MC (i.t.)-infected mice exhibited a minimal inflammatory response and developed large crypto-
coccomas (b). A high magnification (HP) (�400) demonstrated more infiltration of mononuclear cells in the lung tissue of NP1-SM (c)- than of
NP1-MC (d)-infected mice. In contrast, both NP1-SM- and NP1-MC-infected (i.v.) mice exhibited cryptococcomas (e and f) in the brain, although
the cryptococcomas in the NP1-SM (e)-injected mice were smaller. Upon higher magnification (�200), it also appeared that NP1-SM elicited more
inflammation in the brain (g) compared to the cryptococcomas in NP1-MC-infected mice (f and h). H&E, hematoxylin and eosin.

FIG. 4. Both NP1-SM and NP1-MC undergo phenotypic switching.
(a) For NP1-MC-infected mice, both SM (white arrow) and MC (black
arrows) colonies are detected in lung homogenates. (b) In contrast,
only SM colonies are detected in the brain homogenates of NP1-MC-
infected mice.

TABLE 2. Colony phenotypes in lung and brain homogenates

Mouse group
Colony phenotype (%)

Lungs Brains

NP1-SM i.t. infected SCID MC (40–90) All SM
NP1-MC i.t. infected SCID MC SM
NP1-SM i.t. infected BALB/c MC (2–20) NDa

NP1-MC i.t. infected BALB/c MC All SM
NP1-SM i.v. infected BALB/c SM � MC (few) SM
NP1-MC i.v. infected BALB/c MC (�90) SM

a ND, not done.

FIG. 5. Selection pressures for NP1-SM and NP1-MC differ. (a)
Cocultivation in a macrophage cell line demonstrated enhanced intra-
cellular survival of the NP1-MC variant after 16 and 36 h compared to
that of NP1-SM. Black bars denote yeast cells grown in the presence of
macrophages that are not intracellular (no antibody added). White
bars reflect the percentages of phagocytosed yeast cells killed after
specific times. (b) Studies investigating transmigration across the
blood-brain barrier demonstrated that significantly (P 	 0.001; t test)
more NP1-SM than NP1-MC colonies could be recovered from brains
of i.v. injected mice.
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C. neoformans is a facultative intracellular pathogen that
employs similar survival strategies in mammalian and unicel-
lular hosts, such as amoebae (11, 25, 43). Hence, changes in the
polysaccharide capsule can either affect phagocytosis or pre-
vent the rapid destruction of intracellular yeast cells by potent
inflammatory cells such as host alveolar macrophages. This
biological advantage of better intracellular survival may con-
stitute a selection pressure that promotes the selection of
NP1-MC variants in the lung after i.t. infection. Survival stud-
ies, fungal burdens, and histological examinations are consis-
tent with this conclusion. In contrast to the MC variant of
RC-2, NP1-MC did not elicit a damage-driven immune re-
sponse but rather appeared to downregulate the immune re-
sponse in the lung, as there was much less recruitment of
inflammatory cells. Eventually, an accumulation of large cryp-
tococcomas was observed in the lung, which is a finding com-
monly described for patients infected with C. neoformans var.
gattii (42).

Our results also further our understanding of C. neoformans
as a major cause of fungal meningitis in humans. The mecha-
nisms underlying transversal from the circulation, across the
blood-brain barrier, and into the subarachnoid space have
been recently elucidated in two elegant studies (5, 6). Both
studies concluded that crossing of the blood-brain barrier oc-
curred early after inoculation at the level of the cortical cap-
illaries. In addition, the second study established that the ex-
pression of antigenic epitopes in the polysaccharide capsule
was modified to facilitate crossing of the blood-brain barrier
(6). Other murine infection studies measuring in vivo capsule
size in brain and lung tissue have also demonstrated a de-
creased cell size and capsule size of yeast cells in the brain
compared to those of yeast cells recovered from the lungs (36).
In NP1, the differences in cell and capsule size most likely
contribute to the difference in migration. In addition, capsule
size was more upregulated in vivo in NP1-MC cells than in
NP1-SM cells. In this regard, we found more capsule induction
in NP1-MC yeast cells in vivo. At the time of death, capsule
sizes in the brains and lungs did not differ in NP1-MC-infected
mice. The capsule size of yeast cells in the brains of NP1-MC-
infected mice was larger than that in NP1-SM-infected mice.
Interestingly, the colony morphology in NP1-MC-infected
mice was smooth in brain homogenates, despite the large cap-
sule. Hence, capsule size alone does not determine colony
morphology.

In summary, phenotypic switching occurs in C. neoformans
var. gattii (serotype B). Similar to the case with serotype A and
D strains, the phenotypic switch is associated with changes in
the polysaccharide capsule and changes in virulence. In con-
trast to the serotype A and D strains, the serotype B strain
switches reversibly. We hypothesize that this occurs due to in
vivo selection pressure for both variants. For NP1-MC, en-
hanced intracellular survival in macrophages selects the mu-
coid variant in the lungs, whereas better transmigration across
the blood-brain barrier selects for NP1-SM in the CNS. Al-
though smooth colonies are rarely observed with C. neofor-
mans var. gattii strains, we hypothesize that this switch in col-
ony morphology may represent a “locked in” phenotype that
may normally be transient and thus not detected. Hence, this
strain may serve as a tool to identify genes that are regulated

during in vivo infection and affect capsule induction and trans-
migration across the blood-brain barrier.
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